Background and objectives Autosomal dominant polycystic kidney disease (ADPKD), a frequent cause of end-stage renal disease, has
Introduction
Autosomal dominant polycystic kidney disease (ADPKD) is an inherited disorder which, over decades, results in progressive development of multiple renal cysts, urinary concentration defects, hypertension, and ultimately ESRD (1) (2) (3) (4) . Kidney and back pain from cyst hemorrhage, stones, infection, biomechanical stresses, stretching of the renal capsule, or pressure on other organs can impact quality of life (5) . Less common extrarenal manifestations such as cerebral aneurysms may be lifethreatening.
Studies in animal models have implicated arginine vasopressin and its second messenger cAMP as important promoters of cyst cell proliferation and fluid secretion into cysts (6) . Suppression of vasopressin release by forced hydration, genetic crosses between cyst-prone animals and those lacking vasopressin, and vasopressin V receptor blockade consistently reduce cyst burden and protect renal function (6) . These compelling preclinical studies provided a rationale for vasopressin V receptor antagonism as a preventive therapy for human ADPKD.
Total kidney volume (TKV) is a practical, intermediate end point of later outcomes in ADPKD including pain, hypertension, renal insufficiency, and ESRD. The Consortium of Radiologic Imaging Studies of Polycystic Kidney Disease (CRISP) and other studies are establishing the relationship between TKV growth and important clinical outcomes (7) (8) (9) . However, it will take years of study to prove whether a treatment that slows TKV expansion will positively affect estimated GFR (eGFR), ESRD, or death.
The current study explores the potential use of TKV as a surrogate for ADPKD therapies targeting vasopressin V signaling. 
Materials and Methods
Consenting ADPKD subjects of prior trials were enrolled in two multicenter open-label tolvaptan-treatment studies, in North America (156-04-250 TEMPO , ClinicalTrials.gov; NCT00413777) and Japan (156-05-002, NCT00841568). Protocols and informed consents for both studies were approved by local ethics committees as outlined by the Declaration of Helsinki. Deidentified data for matched controls were provided, after ethics committee approval, by the National Institutes of Healthsponsored Modification of Diet in Renal Disease (MDRD) and CRISP (NCT01039987) studies (10) .
Eligibility for the TEMPO study required the following: men or women age >18 years fulfilling Ravine's diagnostic criteria (11) , prior participation in a phase 1 tolvaptan ADPKD trial, and willingness to adhere to contraceptive precautions. Exclusion criteria included the following: inability to comply with study procedures, eGFR <30 ml/min per 1.73 m , anticipation of renal replacement therapy within 1 year, and active treatment that would affect end point measures (e.g., diuretic administration).
The 156-05-002 trial inclusions were similar except for age >20 years without an upper limit. This study excluded subjects with serum creatinine ≥2.5 mg/dl, uncontrolled hypertension, systolic BP <90 mmHg, serious cardiac or hepatic disease, or a history of significant bleeding or bleeding tendency.
The primary objective of TEMPO and 156-05-002 studies was to confirm the long-term safety and tolerability of tolvaptan.
Subject safety was assessed by regular monitoring of adverse events (AEs), directed physical examinations, vital signs, laboratory, and electrocardiogram measurements. The secondary objective of these trials was to acquire pilot efficacy data.
Efficacy was assessed by changes in urine osmolality (Uosm), TKV, eGFR, and hypertension status.
Pharmacokinetic/pharmacodynamic analyses were also performed. This report focuses on comparisons of tolvaptan to historical matched-control trajectories of TKV and eGFR. These slope comparisons were analyzed as a linear mixed model of annualized change in log-transformed TKV or eGFR over 3 years. Assessing slope reduces the variability associated with eGFR and facilitates projection over time (12) .
Control data were gathered from participants in the CRISP and MDRD studies (7, 10, 13) . CRISP included 241 ADPKD subjects, 15 to 46 years old with eGFR >70 ml/min by Cockcroft-Gault at entry. MDRD included 200 ADPKD subjects, 18 to 70 years old, segregated by iothalamate GFR (study A 25 to 55 or study B 13 to 24 ml/min per 1.73 m ) and randomized to low or usual BP targets and a usual or low-protein diet. All matched controls for eGFR were from study A, an observational cohort equivalent because interventions did not influence the rate of renal function decline.
Longitudinal TKV were available only in the CRISP study. MDRD subjects were needed to match the lower GFR values in some subjects in the tolvaptan group. Therefore for matched control pairing, the pool of matches was restricted to CRISP subjects for TKV, but included both CRISP and MDRD subjects for eGFR. Sets of potential controls were first identified by matching gender and hypertensive status for each tolvaptan-treated subject. Then tolvaptan-treated subjects were ordered randomly, and in this order they were matched to subjects in their set who had the smallest sum of percent absolute differences in age and baseline value of the parameter of interest (TKV divided by height or eGFR using ethnicity-adjusted CKD-EPI equation) from their potential matches (14, 15) . Once identified, each control subject was used only once. Matching proceeded in a randomly selected order for tolvaptan-treated subjects. The first control subject was matched to the first tolvaptan-treated subject, and then the second control was matched to the second tolvaptan-treated subject, and so on until all had one match. The process then proceeded in reverse, selecting a second control subject for the tolvaptan-treated subject who was last matched, progressing to the first tolvaptan-treated subject in this order until all had two matches.
In the initial 2 months of the TEMPO study, a split-dose regimen of oral tolvaptan (8 a Figure 1 ). After the titration period, those on the higher dose were allowed to down-titrate as needed. A 15/15-mg/d split dose regimen was used in study 156-05-002. Tolvaptan subjects were evaluated at predose baseline, weekly during titration, at 2, 6, 9, and 12 months, and every 4 months thereafter for 36 months in TEMPO and at predose baseline, 1, 2, and 4 weeks, and every 4 weeks thereafter for 36 months in study 156-05-002. Serum creatinine data for CRISP and/or MDRD were available at screening, baseline, at 2, 4, 8, and 12 months, and every 4 months thereafter and were available annually for CRISP. Additional values were available between 36 and 42 months for some subjects. TEMPO and 156-05-002 study measurements of serum creatinine tests were performed centrally at Quest Laboratories and SRL Inc., respectively. Serum creatinine measurements in 156-05-002 used an enzymatic assay, whereas TEMPO , CRISP, and MDRD used kinetic alkaline picrate assays.
TKV in CRISP, TEMPO , and 156-05-002 studies was determined by magnetic resonance imaging at baseline and at months 12, 24, and 36 using comparable methods. Computed tomography was used in one 156-05-002 subject. TKV was also measured at month 2 for TEMPO and at month 6 for 156-05-002. The TEMPO magnetic resonance imaging acquisition protocol included T2-weighted single-shot fast spin-echo images with fat saturation and three-dimensional spoiled gradient interpolated T1-weighted images without fat saturation. T2-and T1-weighted images were similar for the 156-05-002 study. Gadolinium enhancement used at baseline and some 1-year visits in TEMPO were abandoned due to safety concerns. Gadoliniumenhanced images were not used for measuring TKV. Coronal 3-to 5-mm (TEMPO ) and 5-to 7-mm (156-05-002)-thick slices covering the entire kidneys were acquired during a breath-hold and sent to central reading facilities (Perceptive Informatics, Inc., Billerica, MA, or Biovisiq Japan, Inc., Osaka, Japan) for quality control and TKV measurement using Alic software (Perceptive Informatics, Inc.) or Virtual Place Advance version 2.01 (AZE Ltd., Tokyo, Japan). Serial kidney outlines were verified by independent radiologists familiar with ADPKD, blinded to patient name and acquisition sequence.
The statistical analysis plan prespecified a primary end point of percent rate of change in TKV over 3 years in tolvaptan-treated subjects and matched controls (1:2) receiving standard care. Secondary end points included rate of change in eGFR, by the fourvariable MDRD equations. The formula was adjusted for Japanese ethnicity for the 156-05-002 subjects using a coefficient of 0.808 (15) . Summary statistics of baseline characteristics were evaluated to ensure adequate balance between cohorts.
For the primary end point, comparison of tolvaptan-treated month 36 completers with their TKV control matches was performed using a linear mixed model on the log-transformed TKV slope analysis procedure with group and group time interaction as fixed effect, baseline as fixed covariate, intercept and time as both fixed and random effect, and unknown variance-covariance structure for the random effects. Time is a continuous variable. Sandwich estimate of the variancecovariance matrix was used to test the group time interaction. This analysis was based on all available data. For the secondary analysis, all available data for tolvaptan-treated completers were compared with eGFR control matches using a linear mixed model on eGFR, using a similar slope analysis procedure to the primary analysis, except that eGFR was not log-transformed. A sensitivity analysis of primary and secondary end points included all available TKV and eGFR data from TEMPO and 156-05-002 noncompleters to assess impact of withdrawn subjects.
In addition to the primary and sensitivity analyses described above, mixed model repeated measures (MMRM) sensitivity analyses were applied to change from baseline for eGFR and percent changes from baseline in TKV. Least-squares mean differences of the two treatment groups at each yearly visit under the MMRM were used to estimate group differences at years 1, 2, and 3. The MMRM included group, visit, and group visit interaction as class variables and baseline TKV or eGFR as covariates. MMRM analysis used all available data at baseline and years 1, 2, and 3. 
however, specific use of Pearson correlation was decided upon post hoc. Data analysis was performed by one of the authors (J.O.) according to protocol-specified statistical analysis plan prepared in collaboration with the authors. The sponsor holds the data, which are freely available.
Results
Subject disposition is described in Figure 2 . Overall compliance was good for those completing 36 months' treatment. For the TEMPO study the average dose reported after 36 months as taken in the 18 subjects assigned 45/15 (i.e., 60 mg/d) group was 59.2 mg/d; for the 21 subjects in the 60/30 (i.e., 90 mg/d) group, including five subjects who had down-titrated (thus an expected exposure of 82.9 mg/d after adjustment after down-titration to 45/15), was 80.7 mg/d. Compliance in all but one subject in the 45/15 mg/d group was confirmed by measurements of tolvaptan metabolite levels. Eighty percent of completers for the 156-05-002 study were more than 90% compliant by pill count, whereas the remaining two maintained more than 50% compliance. The observed AEs were consistent with the mechanism of action of tolvaptan and the natural history of ADPKD. Most were mild or moderate in severity. Table 1 lists very common AEs (reported in >10% of patients; Supplemental Table 1 lists all AEs). Small mean increases from baseline were seen for serum creatinine and uric acid, starting at the earliest time points. No clinically meaningful trends were seen for any hematology, urinalysis, or ECG parameter. Table 1 . Very common (>10%) adverse events reported with tolvaptan in North American and Japanese subjects Twelve (19%) patients withdrew from the study. Reasons for withdrawal are shown in Supplemental Table 2 Tolvaptan subject cohorts were closely matched to controls for gender and hypertension status, age, height, race, and baseline parameter of interest. Mean TKV was 13% lower, and age was 5 years younger in the TKV controls (Table 2) . Forty-five percent and 37% of tolvaptan-treated patients and 47% and 23% of CRISP matches were treated with angiotensin-converting enzyme inhibitors or angiotensin II receptor blockers. Forty-two percent of subjects in the MDRD study were treated with angiotensinconverting enzyme inhibitors (16). Figure 3a ). This represents a 70% slower growth rate per year in tolvaptan-treated patients. A similar result was obtained when all completers and withdrawn subjects were included in the analysis: 1.7%/yr and 5.8%/yr, respectively (P < 0.001, RGM 0.96, 95% confidence interval 0.95 to 0.97) (Supplemental Table 3 ). The corresponding slopes of eGFR were −0.71 in tolvaptan-treated patients and −2.1 ml/min per 1.73 m /yr in CRISP (n = 66) and MDRD (n = 36) control subjects (P = 0.01, linear mixed model [LMM] group difference 1.1, 95% confidence interval 0.24 to 1.9) for a group difference of approximately 65% (Table 3, Figure 3b ). Results were similar, but less marked (15% effect size), for the all completers and withdrawn group comparison; −1.7 versus −2.0 ml/min per 1.73 m /yr (P = 0.02, LMM group difference 0.95, 95% confidence interval 0.13 to 1.8) (Supplemental Table 3 ). Table 3 . Annualized progression rate of TKV and eGFR in completing subjects projected over 3 years
The effect of tolvaptan on kidney growth was confirmed by the MMRM sensitivity analysis. At each visit, average TKV trended upward or downward as expected (Table 4) . Over 3 years, mean TKV increased by 98 ml (5.3%, from 1635 to 1734 ml) in the all completers tolvaptan-treated group, compared with 300 ml (19%, from 1422 to 1722 ml) in the matched control group. These TKV changes were all significantly different between the groups at each yearly assessment. In contrast, eGFR declined from a mean of 61.6 to 55.9 for all completers treated subjects and from 61.9 to 55.4 ml/min per 1.73 m for matched controls. Although the difference between groups in the mean change at year 3 in eGFR was only 1.1 ml/min per 1.73 m , the maximum difference was 3.1 ml/min per 1.73 m at year 2, reflecting a high degree of variability of average eGFR over time and yielding nonsignificant differences between the groups at 1, 2, or 3 years. Results were similar when using data from all subjects (Supplemental Table 4 ). Table 4 . Change in mean TKV and eGFR in all completing subjects by visit
The slopes for TKV and eGFR were significantly and negatively correlated. Greater increases in TKV were correlated with greater declines in eGFR, with lesser changes for both occurring in the tolvaptan-treated patients (r = −0.21, P < 0.01) (Figure 3c ). Tables 5 and 6 ) and 156-05-002 Japanese completers yielded similar results for trends in TKV (both groups showing significance; LMM group difference 0.97, 95% CI 0.95 to 0.98, P < 0.001, for TEMPO ; 0.935, 95% CI 0.92 to 0.95, P < 0.001, for 156-05-002) and eGFR (significant only for the larger TEMPO cohort).
Separate analyses of the TEMPO North American (Supplemental
Only eight subjects were not receiving antihypertensive therapy at baseline. Three became hypertensive during the 3 years of treatment. The small number of subjects in the nonhypertensive category at baseline prevented useful analyses of effects on hypertension progression.
Discussion
Cyst growth progressed more slowly in the tolvaptan-treated patients than in historical controls. Eighty-one percent of subjects completed 3 years of treatment. Although all of the participants experienced AEs and six participants withdrew from the study because of AEs, most were mild to moderate in severity. Of 39 TEMPO study completers, 92% were eligible and enrolled in an extension of open-label treatment.
Fifty-one subjects treated with tolvaptan for 3 years were compared with 102 untreated, matched ADPKD controls. Efficacy of tolvaptan in blocking the vasopressin V receptor was evident in that the group median trough Uosm before the premorning dose (the time point where the drug would have least affected urine osmolality) at the maximally tolerated dose for TEMPO and at 15/15 mg/d for 156-05-002 were 228 and 310 mOsm/kg per H O, respectively; below or near serum osmolality (290 mOsm/kg per H O). In comparison to recently published data on water-loaded ADPKD subjects, this spot-urine value reflects the maximum urine osmolality, rather than a 24-hour integration of osmolality, which would be a lower value (17).
Tolvaptan had a strong effect on TKV growth, consistent with a potent effect on cyst growth. Data from the 2-month time point in the TEMPO study and 6-month time point in the 156-05-002 study suggest an early decrease in TKV, likely attributable to changes in cyst fluid secretion (18) . Beyond this 2-to 6-month period, TKV growth appears to resume, but at a substantially slower rate than in the untreated subjects.
The results of our analysis showed significant effect of tolvaptan on the rate (slope) of eGFR decline. MMRM analysis using data limited to annual visits, however, was not significant for change in eGFR at year 1 or year 3, with only a trend toward significance at year 2. The high physiologic variability of GFR compared with TKV and the lower sensitivity of the MMRM compared with the slope analysis may account for the different results.
The results also showed a significant negative correlation between annualized slope of TKV and slope of eGFR (r = −0.21, P < 0.01). In Figure 3c , subjects treated with tolvaptan cluster near zero change for both parameters. The only subjects without an increase in TKV or a decline in eGFR were treated with tolvaptan (quadrant A). More control subjects tended to worsen in both (TKV increase and eGFR decline) in number and extent (quadrant D). Likewise, the mean change in eGFR over 3 years of treatment with tolvaptan was marginally less than in the control even although the tolvaptan group had larger kidneys at baseline. The CRISP study suggested that both TKV and renal function worsen more quickly for those with larger kidney volumes (7). In the current study, TKV was 13% lower at baseline in the control compared with the tolvaptan group, a difference that should have favored slower growth and functional decline. On the other hand, the mean age of the control group was 5 years younger (37 versus 42 years), and younger subjects with larger kidneys grew most rapidly in the CRISP study (7) . TKV growth rates in the whole CRISP cohort averaged 5.3% to 9.5% and 5.2% to 6.8% per year for <30-and ≥30-year-old subjects, respectively, more than three times that observed for the group receiving tolvaptan (1.7%/yr) (7) in this study. Thus, TKV and renal function appear to be linked, and treatment to slow the rate of TKV growth appears to be accompanied by a slower rate of decline in renal function. This study has limitations. Twelve of 51 (approximately 25%) of the tolvaptan-treated patients were Japanese, whereas both of the matched-control patient cohorts were predominantly Caucasian (approximately 90%) with only approximately 1% Asian. It should be noted, however, that the tolvaptan effects on TKV and eGFR are also significant when matched control comparisons are restricted to the North American patients (Supplemental Tables 5 and 6 ). Another limitation is that controls were not studied concurrently. This is less likely to have influenced TKV comparisons (because controls derived exclusively from contemporaneous CRISP) than eGFR comparisons using controls from CRISP (65% of patients) and from the MDRD (35% of patients) conducted almost two decades earlier. A sensitivity analysis using only CRISP eGFR-matched controls for all subjects in both studies provides a poorer baseline match, but yields equally significant results for eGFR (−1.7 versus −1.0 ml/min/1.73 m per year [P = 0.01, LMM group difference 1.1, 95% CI 0.23 to 2.0] using only CRISP controls as compared with −1.7 versus −2.0 ml/min/1.73 m per year [P = 0.02, LMM group difference 0.95, 95% CI 0.13 to 1.8] using CRISP and MDRD controls).
Given these limitations, the results of the current study, while promising, should be viewed cautiously.
To be clinically meaningful, the 15% to 65% or 0.3-to 1.4-ml/min per 1.73 m per year advantage would need to be sustained over a period of many more years. Confirming this degree of benefit in the ongoing 1445-subject, placebo-controlled ADPKD trial (NCT00428948) are needed to provide the evidence necessary to establish a causal link between this therapy's ability to slow kidney volume expansion with preservation of kidney function.
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